Chemiluminescence from the vanadium and potassium permanganate reaction was studied under acidic conditions to develop a sensitive method for vanadium determination using the formaldehyde enhancement effect. The method was successfully applied to the determination of vanadium in seawater. Experimental parameters were optimized, including acid concentration, potassium permanganate and formaldehyde concentration. A linear calibration graph was obtained in the concentration range of 2.0 × 10 -9 -5 × 10 -6 M with relative standard deviations (n = 4) in the range of 1.8 -3.1%. The detection limit (3s blank) was 8.0 × 10 -10 mol L -1 with a sample throughput of 100 h -1 . The effect of salinity and various interfering cations and anions were studied. The method was applied to determine total dissolved vanadium in seawater samples and certified reference materials after online reduction with amalgamated zinc column.
introduction
Vanadium is widely distributed in the earth's crust but in low abundance. Vanadium in trace amounts represents an essential element for normal cell growth, but can be toxic when present at elevated concentrations. Vanadium is an essential element for many marine phytoplankton species, macroalgae and other organisms. 1 Many enzymes contain vanadium as the metal center in their active site, such as haloperoxidases, nitrate reductases, and nitrogenases. 2, 3 Vanadium may also be involved in many metabolic processes such as chlorophyll synthesis, cell division, sulfoxidation, cell motility and photosynthesis. 4, 5 The most stable vanadium species include vanadium(IV and V). 6 Research on the possible biological and metabolic roles of vanadium in organisms has increased over the last ten years and a recent review on vanadium suggests that vanadium is essential for higher animals and humans. 7 Vanadium is anthropogenically released in large quantities into the environment, mainly by burning fossil fuels, especially oil, and various industrial processes. Boiler cleaning and production of vanadium pentoxide are well-known occupational exposure sources. Furthermore, many metallurgical processes involve the production of vanadium containing vapors which condense to form respirable aerosols. Thermodynamic considerations suggest that both vanadium(IV and V) should exist in fresh water and seawater 8 although vanadium(V) is expected to be the stable chemical form under oxic conditions and vanadium(IV) should dominate in a reducing environment. 9 Total dissolved vanadium concentrations are relatively low in freshwater (6 -30 nmol L -1 ), 10 and higher in seawater (34 -45 nmol L -1 ). 11 Various methods have been reported for vanadium determination, including complexation 12, 13 and catalytic reactions [14] [15] [16] based on spectrophotometry. Solid phase extraction and detection procedures for preconcentration and separation of trace analysis, using ion exchange resins, 17, 18 chelating resins, 19 chelating functional groups, chelating agents 20 coupled with fluorination-assisted electrothermal vaporization-inductively plasma-optical emission spectroscopy, 17 flow injection analysis-inductively plasma-optical emission spectroscopy, 18 and graphite furnace absorption spectrometry. 21 These methods are sensitive, however, many of these methods are expensive and time-and reagent-consuming; they require skillful operators and are usually performed batch wise.
In contrast, chemiluminescent [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] methods coupled with flow injection analysis (FIA) techniques are sensitive and selective, and the equipment required is much cheaper and simpler. Table 1 gives a comparison among the reported flow injection chemiluminescence (FI-CL) methods for the determination of vanadium in terms of the sample matrix and the sensitivity.
The present work proposes a new chemiluminescent method coupled with flow injection analysis, for the determination of vanadium. A strong CL reaction occurs when vanadium in its lower oxidation states vanadium(III) or vanadium(II) reacts with potassium permanganate in the presence of formaldehyde in acidic medium. The reaction conditions and FI variables are optimized for the determination of vanadium in seawater samples and certified reference materials, after online reduction with an amalgamated zinc mini-column.
experimental

Reagents and solutions
All plastic ware (Kartell, Germany), high and low density polyethylene (HDPE and LDPE) containers and polypropylene bottles were used for all experiments. These were washed with detergent, soaked in 6 M HCl, 2 M nitric acid for 24 h and thoroughly rinsed with high purity water. All solutions were prepared using ultra-high purity (UHP) water (Elga, Purelab -and Br -) were prepared by dissolving the required amount in acid (0.1 M) or UHP water for interference studies. All of these solutions were stored at room temperature, and used whenever required. Two seawater certified reference materials (CASS-4, NASS-5) were obtained from the National Research Council of Canada, Institute for National Measurement Standards, Ottawa, Ontario, Canada.
Seawater samples were collected from offshore Manora, Karachi (around 24.4N, 66.5E), Gadani, Balochistan (around 25.1N, 66.3E), Pakistan. Samples were collected at a depth of two meters below surface by using a peristaltic pump equipped with acid washed teflon tubing in clean bottles. Samples were filtered through polypropylene capsule filter (0.2 µm) and stored unacidified at room temperature in the dark. Figure 1 shows the flow injection chemiluminescence manifold used for this study. A peristaltic pump (four channels, Ismatec Reglo, Switzerland) was used to deliver the sample carrier and reagent solutions at a flow rate of 2.1 mL min -1 . All manifold tubing used was Tygon standard (1.02 mm i.d., Ismatec, Switzerland). A sample injection valve (Rheodyne 5020, Anachem, Luton, UK) was used to introduce standards/samples into H2SO4 carrier stream. This stream was then merged at a Y-piece with the HCHO and KMnO4 merged reagent streams (both of which merge and travel 10 cm). All merged solutions were allowed to travel 1.5 cm before passing through a glass spiral flow CL cell (2.0 mm i.d., 20 mm diameter) positioned in front of an end-window red sensitive photomultiplier tube (PMT, 9658B, Electron Tubes Ltd., Ruislip, UK). The PMT, glass coil and T-piece were enclosed in a light-tight housing. The PMT was kept constant at 1300 V via a 2-kV power supply (Burle, PF1053, USA). The detector output was recorded using a chart recorder (BD 11E, Kipp & Zonen, Holland).
Instrumentation and procedures
Preparation of the Jones reductor
Four grams of zinc granules (20 -30 mesh) were stirred for 1 min with 1 M hydrochloric acid (HCl). The liquid was decanted, 30 mL of 0.25 M mercury(II) chloride was added to the zinc, and the mixture was stirred for 10 min. After being washed three times with water by decantation, the amalgam was packed slowly into an acrylic column of 10 mm length and 2.5 mm i.d. fitted with nylon frits at each end. The column was washed with HCl (0.1 M) and UHP water was passed through the column. The reductor was stored in this condition until required.
Results and Discussion
Selection of the FI manifold parameters
Various experimental parameters were investigated in order to establish the suitable conditions for the determination of vanadium, using a univariate approach. The key parameters optimized were H2SO4, KMnO4, and HCHO concentrations, the sample volume, the flow rate of the sample carrier and the reagent streams. All of these studies were performed with a vanadium(III) standard solution (1.0 × 10 -7 mol L -1 , 60 µL). Ref.
Cinchomeronic Vanadium(II) is not very stable in solution and can be oxidized to higher oxidation states; therefore, vanadium(III) was used for optimization studies. Each selected parameter was used for subsequent experiments. The background (noise) CL signal was measured by running the reagents without vanadium(III) and calculating the standard deviations of the background CL signal each time when solutions were run. The net CL response (signal) was then calculated by obtaining the CL signal in the presence of vanadium(III) and dividing it with the mean of the standard deviation of back ground CL signal.
The concentration of acid is an important parameter for the CL reactions involving KMnO4. The effect of various acids on the CL intensity was studied, including H2SO4, HCl, HNO3 and HClO4 (0.05 mol L -1 ). H2SO4 was found to be the best acidic medium for sample carrier as well as for both KMnO4 and HCHO solutions (Fig. 2a) . The H2SO4 concentration was subsequently optimized in the range of 0.01 -0.1 mol L -1 , and the maximum CL intensity was obtained at 0.025 mol L -1 H2SO4, which indicates that, under this concentration condition, the amounts of the reactive species of the oxidant in the solution were maximum as shown in Fig. 2b . Hence, 0.025 mol L -1 H2SO4 was subsequently used for preparing both KMnO4 and HCHO solutions and for sample carrier stream.
The concentration influence of HCHO on the CL intensity was studied over the range of 0.1 -1.0 mol L -1 , as shown in Fig. 2c . An increase in the CL intensity was observed up to 0.5 mol L -1 , further increase in the HCHO concentration resulted in a higher background and decrease in the CL response of the analyte. Hence, a solution of 0.5 mol L -1 HCHO was selected for subsequent studies.
The effect of KMnO4 concentration on the CL light intensity was examined over the range of 1.0 -50 × 10 -5 mol L -1 in the selected H2SO4 concentration. The results are shown in Fig. 2d The effects of the flow rate and the sample volume on the CL light intensity was investigated in terms of the sensitivity, reagent consumption and sample throughput. The flow rates for each of the three channels were simultaneously investigated over the range of 1.0 -3.0 mL min -1 . A flow rate of 2.1 mL min -1 gave the maximum CL response with a steady baseline and reproducible peak heights, and was subsequently used for all three channels. The effect of the sample volume on the sensitivity was studied in the 60 -420 µL range, with a maximum CL light intensity for volumes of 300 µL and it was subsequently used (Figs. 3a and 3b ).
Linearity and precision
Under the selected experimental conditions mentioned above, the calibration graph of the relative CL intensity versus the concentration of vanadium(III) was constructed with relative standard deviations (n = 4) in the range of 1.8 -3.1%. A linear calibration graph of CL intensity versus vanadium(III) concentration over the range of 2.0 × 10 -9 -5 × 10 -6 mol L -1 was obtained. The coefficient of determination was r 2 = 0.9991 (n = 10) with the regression equation I = 11.342c + 1.1149 (I = CL intensity, c = concentration (×10 -8 mol L -1 )). The linearity range is well suited for vanadium determination in freshwater and seawater (6 -30 and 34 -45 nmol L -1 ). The proposed method allowed 100 injections h -1 .
Limit of detection (LOD) and limit of quantification (LOQ)
LOD and LOQ can be determined respectively as 3 and 10 times the standard deviation of blank. The LOD and LOQ of 8.0 × 10 -10 and 2.6 × 10 -9 mol L -1 were obtained respectively. If one takes into account the lower concentration range of total dissolved vanadium in freshwater and seawater, the LOD and LOQ seems to be the most appropriate for their determination in water samples.
Interferences
The interference of foreign species present in water (fresh and seawater) at environmentally relevant concentrations were investigated by analyzing solutions containing 10 nmol L -1 vanadium(III). The tolerable foreign species were taken as a relative error not greater than ±5% of the added concentration of vanadium(III). The results of interferences with 10 nmol L -1 vanadium(III) (Fig. 4a) showed clearly that the main interferences for the selective determination of vanadium(III) were from Fe 2+ , Mn 2+ and Sn 2+ . Mn 2+ only interferes in higher (µmol L -1 range) concentrations, which are much higher than the typical coastal and shelf water Mn 2+ concentrations. 35 Equivalent amounts of Fe 2+ and Sn 2+ do not interfere, however, higher concentrations seriously interfere with the vanadium determination. The concentration of Fe 2+ and Sn 2+ in seawater is in sub-nanomolar ranges; 35, 36 hence these materials have no effect when analyzing vanadium in seawater which is present in 10 -100 fold higher concentrations than Fe 2+ and Sn
2+
. 11 However, they interfere seriously when analyzing freshwater samples. 37 Various anions were also studied for the determination of vanadium. Figure 4b shows that SO3 2-and I -are the only interfering anions; 38 however, they interfere relatively strongly at higher concentrations (µmol L -1 range). Anion interferences are not very serious; however, they could be eliminated by using anion exchange column. The effects of interference can be further reduced by the sample dilution.
Effect of the salinity of sample on CL response
The effect of the salinity (sodium chloride, NaCl) of sample prepared in H2SO4 (0.025 mol L -1 ) on CL response for vanadium(III) (50 nmol L -1 ) was investigated in the range 0 -2.0%. Results given in Fig. 5 show that, when NaCl solutions (in the absence of vanadium(III)) were injected as a blank, a small, gradual increase in the CL response was observed. However this effect is not pronounced when vanadium(III) (50 nmol L -1 ) was present along with NaCl standards up 1.5%, above this concentration, the salinity slightly affect the results. Seawater has salinity of an average of 3.5% mainly as NaCl; therefore, the seawater samples were diluted appropriately with UHP water before analyzing for vanadium content.
Method validation and application to seawater samples
The applicability of the proposed method was validated by analyzing seawater reference materials (CASS-4, NASS-5). The reference materials were used without filtration; however, the pH was adjusted as required and diluted appropriately. The obtained results are given in Table 2 ; they show that there were no significant differences between the labeled contents of vanadium in the certified reference materials and those obtained by the proposed FI-CL method. The filtered seawater samples were diluted appropriately (1 -2 fold dilution) and acidified with H2SO4 to the required value and were analyzed accordingly. Furthermore, the standard-addition method was also adapted by adding a variable amount of vanadium to the previously analyzed fraction of reference materials and seawater samples. The results given in Table 2 confirm that the proposed method is not liable to interferences. The values seem to be accurate, and the method was successfully applied to the determination of vanadium in the presence of common cations and anions present in seawater. The lifetime of amalgamated zinc mini-column was also tested by injecting vanadium(III) (1 × 10 -6 mol L -1 ) standard solution 75 times. The column efficiency was found to be satisfactory (RSD less than 3%). The concentrations of vanadium in real samples are far less than the concentration tested; therefore the column can be useful for several days.
Possible CL mechanism
The reaction of KMnO4 with a variety of species in acidic solution results in emission of light (CL), which has been exploited for the development of a range of highly sensitive analytical procedures. 22, [37] [38] [39] [40] Barnett et al. 41 showed a comparison of the laser-induced luminescence of Mn(II) with chemiluminescence from the reaction of acidic KMnO4 and sodium borohydride to confirm that the characteristic red emission with maximum intensity at 735 ± 5 nm from acidic KMnO4 emanates from an electronically excited Mn(II) species. In an earlier investigation, 42 they negated the possibility of generating CL from KMnO4 oxidations via singlet oxygen, sulfur dioxide, molecular nitrogen or nitric oxide species. It has also been postulated that there is no appreciable dependence on the nature of the reducing agent oxidation with KMnO4, the CL emitter being the same excited Mn(II) species. The role of HCHO in these reactions may be to enhance the reduction of KMnO4 to a lower excited-state Mn(II) species, which in turn gives CL, as background CL, as was observed when KMnO4 reacted with HCHO in the absence of reducing agent.
Conclusions
The proposed FI-CL method is simple, sensitive and inexpensive. FI-CL methodology allows using common reagents in small amounts, which decrease not only the cost of the analysis but its environmental impact. The high throughputs of 100 samples/h and low limit of detection achieved are especially suitable for routine analysis of environmental water samples. This method is better in terms of the sensitivity, the linear range, and is subject to less interference than most of the methods reported in Table 1 . The method was applied to reference materials and seawater samples. The results were in reasonable agreement with the certified values. The method can also be applied to determine vanadium in freshwater samples after Fe(II) separation. Table 2 
